Abstract. The results derived from the investigation on the dynamic behavior of glazed curtain wall non-structural stick systems installed in modern high-rise mega-frame prototypes is herein summarized. The supporting steel structures, designed in accordance with European rules, consisted of planar frames extracted from reference three-dimensional steel Moment Resisting Frame (MRF), respectively having thirty-and sixty-storey height. To limit interstorey drift and second order effects, outriggers trusses were placed every fifteen stories, whilst a CBF system was chosen as internal core. The characterization of non-structural façade elements was performed through experimental full-scale crescendo-tests on aluminium/glass curtain wall units. Deriving experimental force-displacement curves, it was possible to calibrate threedimensional inelastic FE models, capable to simulate the interaction between glass panels and aluminium frame. Subsequently, equivalent nonlinear links were calibrated to reproduce the dynamic behaviour of tested glazed unit, and implemented in the thirty-and sixty-storey structural planar frames FE models. Nonlinear time history analyses (NLTHAs) were performed to quantify local and global performance, investigating the enhanced combination of stiffness and strength generated through the implementation of glazed curtain wall on the numerical FE models. Results will be shown in terms of inter-storey drift profiles and displacement peaks, axial force curves and percentage peak variation, showing the sensitivity to the structure height. Trends were discussed to show that, if accurately designed, omitting non-structural elements from the seismic assessment of high-rise prototypes conduct to a sensible underestimation of dynamic dissipation capacity of the building.
INTRODUCTION
Tall and super-tall buildings have become popular in urbanized areas due to the growing use of high-strength and smart materials, innovative construction techniques and cost effectiveness [1, 2, 3] . Moreover, the increasing demand for business and residential space have denoted the scarcity of land, constraining the wide use of high-rise structures in modern cities and facing relatively new criticalities, such as inappropriate ground typologies and areas of severe seismicity. Due to their intrinsic complex features and large dimensions [4, 5] , several peculiar characteristics shall be considered during the design phase, ensuring the achievement of certain performance levels (i.e. collapse prevention, moderate damage, serviceability) and the evaluation of the characterizing mechanical aspects such as higher mode and longer periods in earthquake assessment [1, 6] . The strength decrease induced by geometric and material nonlinearities, local buckling or steel member fracture can lead to permanent damages or catastrophic collapses, while P-effects can endanger such modern and more flexible buildings, posing challenges for seismic design in terms of stiffness and stability.
Generally, while mid-rise structures undergo to a combination of strength and stiffness design criteria, stiffness and stability usually govern the design phase in high-rise buildings. Since the design shall balance human safety and economic causes, governed by the variability of the background inputs and the structural assumptions, detailed analyses and ad-hoc studies are required to predict the seismic performance, such as scaled shaking table tests [7, 8] and advanced finite element (FE) simulations [1, 6] . The adoption of the performance-based design has shown that the synergy between structural and non-structural element performance becomes vital, since failure of architectural elements can decrease the performance level of the entire building. As observed during recent earthquakes, non-structural components represent the higher percentage in cost reparation, being the major initial investment. In particular, the large use of glazed curtain wall systems as external enclosures in high-rise modern buildings, has stimulated the researchers to examine the dynamic non-linear response of these nonstructural elements. However, in comparison to structural elements, limited information has been collected on the dynamic design of non-structural members.
In light of this scenario, the present paper summarizes the results carried out through nonlinear modelling of high-rise moment resisting frame (MRF) steel systems: crescendo tests on full-scale glazed curtain wall system were performed to investigate to what extent façade elements affect structural frame global and local seismic response.
NONLINEAR DYNAMIC ANALYSES
In order to predict the dynamic behavior of the structural prototypes, nonlinear time history analyses (NLTHa) were performed, representing a robust and efficient tool to determine global and local seismic performances in structures. Since pushover analyses present specific limitations and inadequacies in high-rise MRFs design, principally the deficiency in safely estimation of the higher-mode effects in recent adaptive modal combinations (AMC) solutions [9, 10] , nonlinear dynamic analyses have become the most attractive technique. Whereas different scale and peculiar responses of mechanical and physical idealizations are involved in façade-structure interaction, both detailed brick-and fiber-based FE models were assumed. On one hand, brick-based FE models give more knowledge on complex phenomena than equivalent mechanical representation [11, 12] , being able to reproduce their local response in terms of time-dependent stress/strain concentration. On the other hand, the insight on the well-known physical phenomena allows their easy calibration into classical fiber-based FE models, saving significant computational time. In this light, since a three-dimensional approach would be extremely onerous to investigate the full-scale mega-frame dynamic response, the contribution of the resisting frame system was easily incorporated into classical fibre force-based [13] FE models, able to represent bolted [14, 15, 16, 17, 18] and welded [11, 19, 20, 21] connections, and the other members besides. By contrast, aiming to develop a qualified façade numerical model and to understand the phenomena underpinning the mechanical global behavior, detailed brickbased FE simulations were performed in order to assess the aluminium frame deformability, the interaction between glass panels and aluminium frame, the gasket mechanical distortion and the transom-to-mullion connection stiffness. Finally, fiber-based link elements were calibrated from standard glazed curtain wall unit subjected to laboratory test and the relative three-dimensional FE model, in order to simulate their seismic response. In this scenario, the modeling assumptions and simulation techniques will be given, after a brief introduction on the main geometric and mechanical properties of both the examined planar frames and the tested façade.
Description of the case-study buildings
The two prototypes consisted on 6 x 6-bay buildings extracted from reference thirty-and sixty-storey three-dimensional structures, respectively named MF-01 and MF-02, designed in accordance with current European seismic standards [25] and considering high seismicity (i.e. PGA = 0.40 g) on soil class C (i.e. 180 m/s < Vs < 360 m/s). In addition to the permanent non-structural internal weight, dead and live loads were considered to be 2kN/m 2 and 4kN/m 2 , respectively. According to ASCE-7 05 provisions [22] , the lateral wind pressure was calculated considering the speed at the ground equal to 37 m/s (84 mph). The software used in the first-stage analyses and design were SAP 2000 [23] and MIDAS GEN [24] , where a series of response spectrum analyses (RSAs) were performed on the MRF models. As shown in Figure 1 , where a sketch of plan and elevation is provided, the complex lateral-force resisting system (LFRS) was constituted by a central 5.6 x 5.6m CBF core, connected with HD columns and perimetral CBF through one-storey height orthogonal outriggers, placed every fifteen stories to limit inter-storey drifts and second order effects. External belt trusses rang the structure. The behaviour factor (q) adopted for V bracing systems was conservatively assumed to be equal to 2, as specified in section 6.3 of EC8 [25] , while medium ductility class (DCM) was considered according to EC8 prescriptions [25] . The beam span was set to 5.6 m, defining a uniform column spacing on the in-plane principal directions; accordingly with the tested façade geometry, the inter-storey height was set at 3.3 m, implying a global structural height of 99 m and 198 m for MF-01 and MF-02, respectively. Member sizes and mechanical properties adopted for the structural members were derived from the design phase, according to EC8 guidelines [25] . In detail, HD tapered profiles were used for the columns, while IPE400 beams were adopted for both prototypes in each storey, except for outrigger floors where HD steel sections were chosen. Hollow structural section (HSS) profiles were assumed as brace sections, decreasing in size along the height of the structure. According to [11] , steel grade S275, S450 and S700 were used for beams, columns and braces, respectively. Figure 2 displays an example of welded gusset-plate and bolted beam-to-column connection. In Figure 2 (left), the HSS brace was welded to the gusset plate through fillet welds, while full penetration welds (FPW) were provided to connect the flanges of the columns and beams to the gusset plate. Furthermore, gusset plate design for each storey in MF-01 and MF-02 prototypes, was performed according to the prescription in [25, 11] . Figure 2 (right), shows the partially-restrained joint obtained through two M20x80-10.9 bolts used to connect the flange of the beam to a 180x250x20 mm plate, welded by FPW to the flange of the column in accordance with the prescriptions of [19] . Three M20x80-10.9 bolts were used to bolt the web of the beam to the shear tab. In the end, the structure was considered to be fixed to the ground, both during the design process and the numerical simulations. The fundamental period (T1) was determined to be equal to 1.75 s for MF-01 and 4.16 s for MF-02 prototypes.
Description of the test performed on the commercial stick curtain wall
This paper focuses on previously performed experimental data, achieved by full-size in-plane tests led at the laboratory of the Construction Tecnologies Institute (ITC) of the Italian National Research Council (CNR) [26] . The seismic response of a commercial full-scale stick curtain wall was evaluated, comparing the integrity of results with past studies [27, 28, 29, 30, 31] .
Experimental setup and equipment
The experimental setup consisted in a 5.720 x 7.370 mm steel frame, where three rigid beams were installed at different height, representing the principal structure slabs and adaptable to different curtain wall geometries. Furthermore, horizontal displacement could be imposed to the rigid beams in order to simulate seismic-induced lateral drifts [32, 33] ; however, during the test only the median beam was activated, while the upper and lower beam were rigidly fixed to the supporting frame. In particular, a hydraulic actuator (General Hydraulic, stroke ± 600mm, maximum load 200 kN) was fixed to an external rigid reaction system and pushed in the horizontal in-plane direction, in correspondence to the beam-mullion connection, performing the force-control test. The instrumentation was composed by a 50 kN LeBow load cell, capable to measure the applied force, and two linear potentiometric displacement transducers (LVDT) to measure horizontal displacement of the median beam; a 10 Hz continuous data acquisition collected load and displacement during the tests. Figure 3 shows the test set-up and the aluminium member cross-section geometries.
Description of the façade specimen
Consistently with the designed mega-frame steel structure geometry, the investigated façade was 7200 mm high and 5600 mm wide, with 3300 mm inter-storey height. The test unit had six transoms and five mullions, while three different profile cross-sections were used for mullions and three for transoms ( Figure 3 ). In particular, transoms of the external bays displayed a cross-section with lower inertia respect to the other spans. EN-AW 6060-T6 was the commercial aluminium alloy adopted for the members, with E = 69 GPa as Young Modulus, y = 150MPa and u = 190MPa as yield and ultimate stress. The insulated glazing panel thickness was 8+8.2+16+6mm, constituted by a tempered glass characterized by E = 70 GPa and supported on the edges by silicone gaskets. Two mechanical connections were recognizable into the test unit: the transom-to-mullion and the glass-to-frame connection. The former, realized by a U-shaped steel joint, was connected to the alluminium members by four steel screws, resulting in a reduced rotational stiffness with respect to the fully-fixed configuration. The latter, was obtained distributing an internal and external silicone gaskets layer along the contact edges. The clearance between the mullion/transom elements and the glass panels was 5mm.
Experimental activity and results
Initially, a quasi-static test was performed increasing the force applied to the central rigid beam until a specific drift was monitored on the opposite mullion. Consequently, the force was set to zero, highlighting the amount of residual plastic deformations. Since the specimen had an opening window impossible to re-close after the first cycle, due to the shear deformations of the frame, the subsequent cycles were performed with opened window. However, repeating the first cycle was possible to observe the incidence of a single window loss, showing that the missing 
Finite Element modelling approach
In order to investigate the effect of glazed curtain walls on structural seismic behavior when applied to mega-tall buildings, a three-stages FE modeling approach was implemented. Firststage modelling aimed to reproduce nonlinear fibre-based simulations of the building casestudyies, subjected to NLTHAs deriving from a set of ten natural records [34, 35] . These accelerograms (EQs) were spectrum-compatible in displacement according to EC8 prescriptions [25] , selected a Type 1 spectrum with PGA equal to 0.4g, soil Type C and T D =8s (Figure 4) . Second-stage advanced modelling investigated the dynamic behaviour of the façade through nonlinear brick-based models, simulating the test results. Finally, third-stage modelling aimed to calibrate equivalent nonlinear links, representing the glazed curtain wall response to be implemented on first-stage fibre-base FE models.
Fibre-based modelling approach for MRF structure
In order to analyze the local and global seismic response of the MF-01 and MF-02 reference structures, detailed fiber-based models were implemented on the open source platform OpenSees [36] , based on conceptual modeling by Brunesi et al. [42] . Structural members were modeled through inelastic force-based fiber elements, simulating the propagation of inelasticity over the member length through a bilinear stress-strain behavior with isotropic strain hardening. In particular, the Menegotto-Pinto [37] material model was adopted, while material and geometrical nonlinearities were considered through distributed plasticity approach and classi- cal corotational transformation [38] . Schematics of the modelling idealization adopted for brace and gusset plate mechanical connections are showed in Figure 5 . The enhanced stiffness due to the gusset-plate welding into the beam-column conjunction, that confine the extremity of inelastic force-based beam-column portions, was adduced introducing a set of rigid elements [11, 19] . Along the end of the brace, in order to capture the potential progression of plastic hinges, an additional 2t-length force-based beam-column element was selected from the gusset plate -where t is the thickness of the gusset plate - [11, 19, 43] . Prospective buckling mechanisms in both braces and gusset plates were considered applying an out-of-plane imperfection equal to 0.1% of the length at its midspan. Similarly, according to [12, 14, 15, 16, 18, 39, 40, 42] , the Tstub bolted joint mechanical idealization was assumed to reproduce the hysteresis behavior, as a partially restrained connection. Accordingly to the Grant and Priestley paradigm [41] , when considering the tangent stiffness-proportional Rayleigh damping, the stiffness-proportional matrix multiplying coefficient used to perform nonlinear dynamic analyses was correlated to the damping ratio associated to the fundamental period of the structure [38, 41, 42, 43] . 
Three-dimensional solid-based modelling approach for façade
Advanced numerical simulations were performed to reproduce the dissipative behavior of the tested glazed curtain wall unit. In particular, four parameters were recognized as main responsible of the lateral response of the façade: (i) the geometry of aluminium frame and the rotational stiffness of transom-to-mullion connections; (ii) the clearance between aluminium frame and glass panels; (iii) the mechanical behavior of gaskets; (iv) the local interaction between glass and frame [32, 33, 31] . Three-dimensional brick-based models were analysed in ABAQUS 6.14 [44] in order to capture the local mechanisms and the interactions between each parameter affecting the overall response. Therefore, equivalent nonlinear link-elements were calibrated to explicitly reproduce the rotational stiffness of transom-to-mullion connections and the combined effect of glass-to-gaskets slippage, considering potential impacts between the glazed surface and the aluminium frame, as in Figure 6 -7, in line with a computational timesaving approach [45, 46] . In fact, these connectors were implemented on a full-scale model, as on Figure 8 , reducing the FE formulation variables and reproducing the global tested response. Figure 6 displays a high-fidelity FE model calibrated to investigate the moment-rotation relationship of transom-to-mullion connection. Three-dimensional deformable isoparametric solids were adopted to model each connection component, accounting for finite strain and rotation in large-displacement analysis. Fist-order elements were adopted, i.e. 8-node linear brick (C3D8R), with reduced integration through Barlow points and hourglass control methods of Flanagan and Belytschko. Both geometrical and material nonlinearities were considered. The classical rate-independent Von Mises model for metal plasticity with associated yield surface for isotropic materials and strain hardening was assumed to faithfully reproduce the cyclic stressstrain relationship of the steel members during the applied loading-unloading history. Since the U-shaped connecting steel joint presented higher stiffness and strength respect to the aluminium members, it was considered that the joint rotational capacity was mainly due to the deformation of the frame. Therefore, the simulation remained accurate properly representing bolted connections through equivalent nonlinear frictional parameters and constraining the effect of slipperiness between the U-shaped joint and the aluminum members. Figure 7 presents a robust brick-based FE modeling developed to study the glass-to-gaskets interaction, at a local scale. While the same mechanical and physical assumptions for aluminum members were considered, the constitutive laws for glass and gaskets were herein introduced. According to Memari et al. [46] , the glass panel was considered as an equivalent full-section isotropic elastic threedimensional element (C3D8R), evaluating the maximum stress response. The glass-to-gasket nonlinear friction effect and the mechanical deformation of the gasket were modeled by elastoplastic relationship with isotropic hardening, connecting the nodes on the glass panel boundary to the the frame nodes. The calibration of the equivalent stress-strain constitutive laws was conducted in accordance with [46, 47, 48] and the experimental tests carried out at the Institute of Construction Technology. Since numerous in-plane racking tests [29, 45, 46] have shown that glass damage propagates when glass-to-frame contact occurs along glass-panel edges in corner regions, the stiffening interaction due to the impact was directly incorporated onto gasket constitutive laws, through a validated parametric campaign of FEM analyses. Figure 8 shows the advanced three-dimensional modeling of the tested façade and the accurate matching between the simulation and experimental results. Equivalent nonlinear links were calibrated to represent the seismic response of the glazed curtain wall in OpenSees high-rise reference structures.
RESULTS AND COMPARISONS
In this chapter, the main results will be displayed in terms of NLTHa global and local performance, of the two reference high-rise structures MF-01 and MF-02. In particular, the influence of the glazed curtain wall system will be shown, illustrating to which extent this affects the overall seismic response when façades are considered acting on the LFRSs. Initially, each section will display the comparison between NLTHa average response (NLTHA Avg), carried out from the structures with glazed curtain walls, respect to the correspondent bare MRF. Consequently, the percentage variation between both component will be shown. Individual earthquake (EQs) acceleration result, referred to the MRF with non-structural elements, will be shown in grey. Figure 9 summarizes the global response of the two mega-frame buildings in terms of peak displacement and inter-storey drift, together with their average values, respectively for MF-01 (left) and MF-02 (right). Peak displacements, achieved in the most extreme records, were 0.58 m and 1.72 m, while medium values up to 0.41 m and 0.88 m were obtained. The response assumed a rough cantilevered shape with soft discrepancy in correspondence to the outrigger; as will be discussed in the following, this aspect was more pronounced in the inter-storey drift prediction ( Figure 9 ). The stiffening enhancement procured by the outriggers was significantly visible for both structure, as a prominent peak inter-storey drifts reduction (up to 57%). By contrast, significant acceleration were experienced during dynamic simulations, i.e. 0.59g and 0.35g for both MF-01 and MF-02, respectively, underlining the stiffest behavior of the former (as also evidenced by fundamental periods discrepancy, i.e. 1.75 s vs. 4.16 s). The series of NLTHa have shown that, if properly designed to induce a good balance between acceleration and deformation demands, this structural system supply an optimum combination of global stiffness and strength in highrise structures. Moreover, since MRF contribution was greater than NLTHA Avg (Figure 9 ), this illustrates that the MRF structure was more flexible without considering the external façades. In fact, Figure 10 shows to what extent the variation between the overall structural response of the MRF with glazed façades differed from the bare MRF. Peak discrepancies were accounted for 5.45% and 4.53% as top average displacement, respectively for MF-01 and MF-02, while 9.23% and 7.47% represented the inter-storey drift profile in average. The shape of the displacement variation reflected the tendency of the displacement diagram, assuming a fairlycantilevered progression. It was clearly visible the outrigger influence in inter-storey drift profiles, showing a trend reversal, while on the displacement variation profile the effect attenuates.
Global performance

Local performance
According to Brunesi et al. [42, 43] , the key components advocated to resist seismic actions in this structural system are columns, braces and outriggers. Response in term of axial load peak profiles in critical members will be shown. In addition, the percentage variation between the MRF with external cladding and bare MRF results will be computed. In Figure 11 the comparison between compressive peak forces in the most critical brace is displayed. Average loads of up to 4500 kN and 5000 kN were obtained, respectively for MF-01 and MF-01. A similar demand was obtained in correspondence to the outriggers floors, as a consequence of the increment in terms of floor acceleration [42, 43] , where was demonstrated that modelling the structure without the curtain walls conduced to overestimate NLTHAs results up to 20%. Figure 12 summarizes the seismic peak axial loads predicted by NLTHAs in the outrigger braces, placed at the 15 th and 30 th storey of the thirty-and sixty-storey case study building, since they resulted to be the most critical storeys (see Figure 11) . The diagrams present a comparison between the forces observed considering the MRF with the external façade and the supporting structure alone: peak compression was almost stable along the height, reaching a maximum of 4250kN and 4500kN, in MF-01 and MF-02, respectively. However, a larger mismatch between axial force percentage variation was determined in the outriggers placed at the top of MF-01 and at mid-height of MF-02, of up to approximately 25%. Being the discrepancy between the response of MRF with cladding and the bare MRF higher in that braces than that observed in other structural members, particular care has to be paid to the earthquake-induced demand evaluation during the design phase of these elements and the related connections. As a result of the outriggers in-plane rotation, earthquake-induced compressive overloads were experienced by the external core-columns [42, 43] . Figure 13 collects the seismic axial forces transferred to the leftmost core-column of the thirty-and sixty-storey structures, accounting for the façade system, their average and the equivalent on the bare MRF. This reflected on the discrepancy between forces, up to approximately 14% in MF-01 and 18% in MF-02. 
CONCLUSIONS
This paper summarizes the NLTHAs results performed on two reference thirty-and sixtystorey planar prototypes, extracted from a high-rise mega-braced frame structures with outriggers and belt trusses, and designed according to European prescriptions. In detail, the research focuses on the dynamic of glazed curtain walls, i.e. to what extent is plausible consider façades interacting with the LRFS during a severe earthquake event, altering the structural seismic response. The main observations acquired from the numerical analysis results are synthesized:
• Effects caused by façade dissipation were proven to be not negligibly on the LRFS and on the key components of both prototypes, reflecting dissimilarities up to 9.23% and 34.2% as local and global response, respectively. Fundamental period decremented up to 14.3% in MF-01 and 11.3% in MF-02, considering the glazed curtain wall dissipation.
• Response profiles and peak variations were characterized by an approximately linear increasing trend along the height, with pronounced discontinuities in correspondence to the outriggers, due to their overall stiffening effect.
• External outrigger braces resulted to be the most influenced by the cladding dissipation.
• Sensitivity to the structure height was investigated as a result of glazed curtain wall response, showing that façades mainly influence global and local response with a reverse fashion respect to the structural height.
